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Abst ract - -We study the economical manufacturing quality (EMQ) problem in the presence of an 
imperfect process. When the production process goes out of control, the production process produces 
some proportion of defective items. Thus, lot sizing and periodic inspection of the process are needed 
to operate the system economically. Performing a preventive maintenance (PM) action immediately 
after inspection and possible adjustment of the production process will be helpful to enhance the 
process reliability of a deteriorating production system; thus, an EMQ model for inspection/PM was 
proposed in the literature. However, it is not easy to derive the optimal lot sizing and inspection/PM 
policy simultaneously. Therefore, a two-dimensional search procedure is needed to find the optimal 
production/PM scheme. In this paper, we study the structural properties of the production/PM 
problem and show the uniqueness ofthe optimal inspection interval for a given number of inspections 
in a production run. To solve the production/PM problem, we provide lower and upper bounds for 
the optimal inspection interval when the number of inspections i given during a production run and 
use them to reduce the search ranges in a numerical solution procedure. Also, a criterion for stopping 
the process of searching for the optimal production/PM policy is provided. (~) 2000 Elsevier Science 
Ltd. All rights reserved. 
Keywords - - Inventory ,  Production systems, Preventive maintenance. 
1. INTRODUCTION 
In the inventory analysis l i terature,  the t rad i t ional  economic manufactur ing quant i ty  (EMQ) 
model  has been widely used in practice. The classical EMQ model  assumes that  the product ion 
faci l ity is fai lure free, and that  all the items produced are of perfect quality. However, in real 
product ion,  a l though the product ion process starts  to produce a lot in an "in-control" state,  it 
may shift to an "out-of-control" state while producing items, which will result in producing i tems 
which are defective since product  qual i ty is usual ly a function of the state of the product ion pro- 
cess. In order to relax the assumpt ion that  the product ion facil ity is failure free for the t rad i t iona l  
EMQ model,  Rosenblatt  and Lee (RL) [1] and Porteus [2] init ial ly studied the effect of process 
deter iorat ion on the opt imal  EMQ, and they found that  it is better  to produce lots smaller in size 
than  is the case for the classical EMQ because smaller lots produces fewer defective items. Fur- 
thermore,  Lee and Rosenblatt  (LR) [3,4] and Porteus [5] introduced some inspect ion mechanisms 
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to monitor the production process during a production run. Their results show that monitoring 
the production process through inspections makes it cost effective to produce larger lots. In the 
RL and LR models, they assumed that the shift of the production process follows an exponential 
distribution, and that when a system goes "out-of-control", an inspection process is necessary to 
diagnose the problem and solve it. With the "memoryless" property of exponential distribution, 
the optimal production/inspection policy can be derived easily. Although inspections are useful 
for detecting a shift in a deteriorating process, they do not enhance the reliability of a system; 
therefore, Tseng [6] introduced a perfect preventive maintenance (PM) policy instead of an in- 
spection policy to improve the reliability of a deteriorating system. It has been shown that the 
PM policy proposed by Tseng [6] performs better than the inspection policy of Lin et al. [7], who 
considered a generalized case of the LR model. However, it is difficult to derive the optimal lot 
size and inspection/PM policy simultaneously. A two-dimensional search procedure is necessary 
to find the optimal policy. In this paper, we study the structural properties of the production/PM 
problem and demonstrate he uniqueness of the optimal inspection interval for a given number of 
inspections during a production run. The computational spect of the optimal production/PM 
policy is also investigated, and we obtain lower and upper bounds for the optimal inspection/PM 
interval for a given number of inspections during a production run. Any numerical procedure can 
be used that utilizes these bounds to reduce the search range. Moreover, we provide a criterion 
for stopping the process of searching for the optimal production/PM policy. 
2. MATHEMATICAL  MODEL 
Consider a production system for a single product. We will study the problem of optimal 
lot sizing and scheduling of inspections in an EMQ model with a production process subject to 
random deterioration where D is the deterministic, continuous demand rate, P (P > D) is the 
deterministic, continuous production rate, K is the setup cost, and h is the inventory holding 
cost of carrying a product per unit of time. It is assumed that at the beginning of a production 
cycle, the production process is as good as new and "in-control", producing items of acceptable 
quality. After a period of operation, the production process may shift to an "out-of-control" state 
while producing items. Once out of control, the process produces ome proportion, 0 < a < 1, of 
defective items until the "out-of-control" state is discovered by inspection and the "in-control" 
state is restored. Assume that the production process can randomly shift to the "out-of-control" 
state, and that the process can be monitored through inspections. Maintenance inspections and 
PM are performed at times Ti, i = 1, 2 , . . . ,  n, with a fixed cost u, where T,, = T is the production 
time of a production cycle and n is the number of inspections in a production run. Once the 
"out-of-control" state is detected, a repair is performed in order to restore the process which is in 
the "out-of-control" state to the "in-control" state. The extra restoration cost will be considered 
as a function of detection delay, which is defined as c(r) = r +aT, a _> 0 and r > 0, where r is the 
period of time of detection delay (see [4]). On the other hand, if the system is identified as being 
in the "in-control" state, then only a PM action is performed to maintain the system. After each 
PM, the system will return to the as-good-as-new state. Also, in this paper, we assume that the 
amount of time used for inspection, restoration and maintenance is negligible. 
Now, we let the random variable X denote the time which elapses while the system in the "in- 
control" state, which follows a general distribution with cdf F(x), pdf f(x) and mean life time 
E[X] < oc. Given a production period of time T > 0, the production cycle length is PT/D. The 
setup cost and average holding cost in a production cycle are K and hT(P - D)/2, respectively. 
Since an inspection and PM are performed at Ti, it is obvious that the total inspection and 
maintenance cost is nu. Furthermore, the total defective item cost and restoration cost with 
detection delay during a production cycle can be derived as 
~-~ foX' [(sc~P + a)(x~ - y) + r]f(y)dy, 
i=1  
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where s is the cost incurred by producing a defective item and xi = Ti -T i - i ,  i = 1,2, . . .  ,n. 
Therefore, determining of the optimal maintenance schedule is equivalent to solving the following 
problem (see [61): 
D (K+nu)+ D ~ 1 Min. TC(n, xi, T) = ~-~ ~ ¢(xi) + ~ hT(P - D) (1) 
i=1 
~xi=T 
i=1 
0 < xi < T; i = 1 ,2 , . . . ,n ,  
s.t. (2) 
(3) 
where ¢(xi) = fo' [(sap + a)(x, - y) + r]f(y) dy and xi = Ti - Ti-1, i = 1, 2 , . . . ,  n. If ¢(x) is a 
convex function, i.e., ¢"(x) = (saP  + a)f(x) + rf ' (x)  > 0, Vx > 0, then the optimal inspection 
intervals are equally spaced, i.e., xi = x = T/n, gi  = 1, 2 , . . . ,  n (see [4,6]). On the other hand, 
if ¢(x) is a concave function, i.e., ¢"(x) = (saP + a)f(x) + rf ' (x)  <_ O, Vx > O, then the optimal 
inspection umber is one; i.e., the only inspection is performed at the end of a production run 
(see [4,6]). Throughout his paper, our investigation of the problem in (1)-(3) is based on the 
assumption of (saP + a)f(x) + r f ' (x)  > O, g x >_ 0; i.e., the equal-inspection policy is employed. 
Then, we have the following properties which are described in the next section. 
3. PROPERT IES  OF THE PRODUCTION/PM POLICY 
THEOREM 1. Assume that limx-+0 xf (x)  = 0 and limx-+oc xf (x)  = 0. Then, for a given n C N, 
problem (1) (3) has a unique minimizer, x(n). 
PROOF. Substituting T = nx~ = nx, Vi = 1,2, . . .  ,n and (2) into (1) gives 
~02c D (K+nu)+ D [ ( saP+a) (x -y )+r ] f (y )dy+ 
TC(~, . ) l r= .~ - P~x F~x 
hnx(P - D) (4) 
Now, we will show that TC(n,x)lT=nx has a unique minimizer, X(n). The first derivative of 
TC(n, x)lT=~x with respect o x is given by d(TC(n'x)lT .... ) -- Rn(x) /nx 2, where dx 
R,~(x) - - (K  + nu)D _~ hn2x2(P - D) 
P + M(x) + 2 (5) 
and 
[ /0 ] M(x) = (saP+ a) yf(y) dy + r f (x )x -  rF(x) . (6) 
The optimum inspection interval x(n) for a given number of inspections n in a production run is 
the solution of d(TC(n'x)lT ..... ) = Rn(x) /nx 2 = 0; equivalently, x(,~) is the solution to R~(x) = 0, dx 
where Rn(O) is negative and Rn(X) grows to infinity as x tends to infinity. It is not hard to see 
that 
lim R~(x) - - (K  + nu)D 
x-~o p < o, (r) 
_ -{u  + On [¢saP + alE[x1- r] + lim { hn x2IP - O1 } .,:~o~lim R~,(x) p +--P-- x~oo 2 --~oo, (8) 
R' (x )  - Dnx [(saP + a)f(x) + rf'(x)] + h(P - D)n2x > 0, (9) 
P 
d2TC (n, x(n))IT=nx R" (x(n)) 
- > 0. (10)  dx2 ( nx~< ) 
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The last result implies that  TC(n,x)[T=nz is locally convex at X(n), and (7)-(10) collectively 
imply that  TC(n, X)[T=nx has a unique minimizer, x(~). | 
REMARK 1. If  the t ime needed to shift the distribution, F,  is Weibull, then the conditions in 
Theorem 1, limx--.0 xf(x)  = 0 and limx--+o~ xf(x)  = O, hold. 
If  there is no specification, the conditions in Theorem 1, limx--+0 xf(x)  = 0 and limx-~oo 
xf(x)  = 0, are assumed when x(n) is used. 
In the next theorem, we provide a range for x(~). 
THEOREM 2. 0 .( X(n ) _~ X}tn), where x(~) = ( l /n )  V/(2(K + nu)D)/ (hP(P - D)). 
PROOF. From (6), we have M'(x) > 0, Vx _> 0 and M(0) = 0; hence, M(x) > O, Vx >_ O. 
Furthermore, from (5), we can obtain R,~(x) > - (D /P )  (K + nu) + (1/2) hn2x2(p - D), which 
implies that  Rn(x~n)) _> 0. Besides, Rn(O) < 0. Hence, 0 < X(n) _< x u(~). | 
Next, we will show that  x(~) is another upper bound of x( ,+l )  when X(n) is known. First, 
we state and prove the following lemma which is the concave case instead of the convex case 
considered by [8]. 
LEMMA 1. Let X(k) be the solution of g(k, x) = h(k) > 0, where x > 0 and k is a positive integer. 
Define 
Ag(k, x) = g(k + 1, x) - g(k, x), 
Ah(k)  = h(k + 1) - h(k). 
If g( k, x) and h( k ) satisfy the following conditions: 
(cl) g(k, x) is strictly increasing with x, 
(c2) Ag(k, x) is strictly increasing with k, 
(c3) Ah(k)  is a constant, 
for all k and x, then there exists k* > 1 such that x(1) < x(2) < • • • < x(k*-l) < X(k*) > x(k*+l) > 
PROOF. If X(k) > X(k+l), since g(k,x) is strictly increasing with x, then this implies that  
g(k,x(k)) > g(k,x(k+l)). Therefore, Ah(k) = g(k + 1,x(k+l)) - g(k,x(k)) < g(k + 1,x(k+l)) - 
g(k,x(k+l)), i.e., Ah(k) < Ag(k,X(k+l)). Since Ag(k,x) is strictly increasing with k, we have 
Ah(k) < Ag(k,x(k+l)) < Ag(k + 1,x(k+D ). From Condition (c3), we have Ah(k + 1) = Ah(k), 
which implies that  Ah(k+l )  < Ag(k+l,x(k+l)), i.e., g(k+2,X(k+2)) -g(k+l ,x(k+l) )  < g(k+2, 
X(k+l)) -- g(k + 1, x(k+l)). Hence, g(k + 2, x(k+2)) < g(k + 2, x(k+l)), so we have x(k+2) < X(k+l). 
Therefore, we conclude that  if x(k) > X(k+l), then we have x(k) > x(k+l) > x(k+2) > ' . - .  The 
proof for x(1) < x(2) < " -  < x(k*-l) < X(k.) is as follows. If x(k) > X(k-1), since g(k,x) 
is strictly increasing with x, then this implies that  g(k,x(k)) > g(k,x(k-1)), so Ah(k - 1) = 
g(k,x(k)) -g (k  - 1,x(k-1)) > g(k,X(k-1)) -g (k  - 1, x(k-1)); i.e., Ah(k -  1) > Ag(k -  1, x(k_l)).  
Since Ag(k, x) is strictly increasing with k, we have Ah(k - 1) > Ag(k - 2, x(k-1)). From Condi- 
tion (c3), we have Ah(k -  2) = Ah(k -  1), which implies that  Ah(k -  2) > Ag(k -  2, X(k-1)); i.e., 
g(k - 1,x(k-1)) - g(k - 2, X(k-2)) > g(k - 1,x(k-1)) - g(k - 2, x(k-1)). Hence, g(k - 2,x(k_l))  > 
g(k - 2,x(k_2)), so we have x(k-1) > X(k-2). Therefore, we conclude that  if X(k) > X(k-1), then 
we have x(k) > X(k-1)  > X(k--2) > " ' ' .  m 
THEOREM 3. X(1 ) > X(2 ) > ' ' "  > X(n_ l )  > X(n ) > X(n+l  ) > " ' ' .  
PROOF. Since X(k) is the solution of Rk(x) = 0, k = 1 ,2 , . . . ,  we can apply the result of Lemma 1 
to (5) by identifying 
E g(k,x)=---fi- (saP /o 1 + a) yf(y) dy + r f (x)x  - rF(x) + - D)k2x2 h(P 2 
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and 
D (K + ku). h(k) = -fi 
Now, we will show that Conditions (cl)-(c3) are satisfied. Since 
g'(k,x) = Dkx [(saP + a)f(x) + rf'(x)] + h(P - D)k2x > 0, 
P 
Condition (cl) is satisfied. Condition (c3) is obviously satisfied. Finally, we will check Condi- 
tion (c2). Since 
Ag(k + 1, x) - Ag(k, x) = h(P - D)x 2 > O, 
for all k = 1, 2, . . .  and x > 0, it follows that Condition (c2) is satisfied. Furthermore, we assume 
that x(1) <_ x(2). Since g(k, x) is strictly increasing with x, we have g(2, x(1)) _< g(2, x(2)), where 
D 
g(2, x(2)) = ~ (K + 2u) 
D uD 
= -~ (K+ u) + p 
uD 
= g + p 
Hence, g(2,x(1)) - g(1,x0)) _< uD/P, which implies that g(1,x(1)) + h(P - D)x~l ) <_ uD/P. 
That is, ((K + u)D/P) + h(P - D)x~l ) <_ uD/P. This is a contradiction. Therefore, we have 
x(1) > x(2). Furthermore, from Lemma 1, we can obtain x(1) > x(2) > "-" > X(n-1) > X(n) > 
3:(n+l  ) ~, . . . .  II 
Theorem 3 provides an upper bound for X(n+l), which utilizes the prior search solution X(n ). 
The problem in (1)-(3) with an exponential shift distribution and a constant restoration cost has 
been investigated by Lee and Rosenblatt [3]. They used the MacLaurin expansion formula to the 
second order to derive the approximation result of the optimal inspection interval formula. In the 
following theorem, we will show that the approximate formula obtained by Lee and Rosenblatt [3] 
is a lower bound of x(n). 
THEOREM 4. In the exponential case, i.e., f(x) = #exp(-px) ,  for a given number of inspections 
n during a production run, the optimal inspection interval x(n) is bounded below by Lee and 
Rosenblatt's [3] inspection interval, x LR (~)" 
PROOF. Lee and Rosenblatt [3] used the MacLaurin approximation (exp(-#t) ~ 1 -#t  + #2t2/2) 
to obtain the total annual cost. Prom (6), we will show that M(x) <_ M(x)lexp(_ux)~l_ux+u~x2/2. 
It is not hard to see that 
M(x) = ( saP"  a r) (l -exp( -#x)  - #xexp(-#x)) 
and M(x)[exp(-,,)~.l-,,+,,x,/2 (saP+a ) p2x2. 
= - r 2 ' 
hence, we have 
M(x)[exp(-px)~l-~x+p2x2/2 - M(x) = ( 80~P+ a 
- -  z(z). 
r) (~-~-  l +exp(-#x) + #xexp(-#x))  
Notice that 
r) exp/ 
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Moreover, it is clear that  l(0) = 0 and l'(x) = #2x(1 - exp( -#x) )  > 0, Vx > 0. Hence, by (5), 
we have 
Rn(x)loxp(-,x)~l-,x+,~xV~ >_ .an(x). 
Furthermore, it is easy to verify that both Rn(X)[exp(_~x),,~l_t~x+~L:x2/2 and Rn(x) are strictly 
_ x LR is less then the root increasing with x, Vx > 0, so the root of Rn(x)]e×p(-,x)~l-t,z+,:x:/2, (n), 
of R,~ (x), X(n). | 
In the exponential  case, Rosenblatt and Lee's [3] formula of x LR provides a lower bound (n) 
of x(~); furthermore, a tighter lower bound than x in  is provided in the following property. First, (~) 
using (5), let Rn(X)lexl)(_t~x)~l_t,x+~:x2/2 = 0; we derive the solution of the inspection interval 
length x LR for a given nmnber of inspections n in a production run, which was obtained by Lee (~) 
and Rosenblatt  [3], where 
LR { 2(K + nu)D }1/2 
X(n) : n2p(p - D)h + Dnp(sc~P + a - r#) " 
THEOREM 5. Assume that f(x) = #exp(-px) ,  Vx >_ O. If 
1 [n2p(p _ D)h + Dn#(saP + a - rp ) ] ,  (g + n.)D > 7 
then x(, 0 is bounded from below by Y(u), where 
{ 2[(K + nv)D - (Dn/mu)(s~P + a -  r#)] } 1/2 
and x~,~ <_ Y(n) <- x(n). 
PROOF. From (5), we have 
Z~pD Dn(saP+a ) (1 -exp( -#y(n) ) -#y(n)exp( -#y(n) ) )  R,~(y(~)) = (K + nv) + ---fi- - r 
1 h (P -  D)n: {2[ (K  + nv)D- (Dn/#) (saP  + a-  r . ) ]  } 
-Dn(saP+a ) 
- p - -  r (exp( -~ty(n) )  + ~ty(n ) exp( -~ty(n) )  ) < 0. 
From (9), since R~n(x) > O, Vx >_ O, it follows that  Y(n) is a lower bound of X(n). Furthermore, it 
is easy to verify that  xLn(n) -- < Y(n) if 
(K + nv)n > --~1 [n2p(p _ n)h + Dn#(sc~P + a - r#)] . | 
In Theorem 5, let n = 1, a = 0, r = 0 and v = 0; we can derive 
2KD 2s(~D 
Y(1) - p(p  _ D)h #(P - D)h' 
which corresponds to the left-hand side of the inequality equation (16) obtained by Hariga and 
Ben-Daya [9]. 
Theorems 1, 4, and 5 include the special case of one inspection policy; i.e., only one inspection 
can be performed at the end of a production cycle. This case has been investigated by Hariga and 
Ben-Daya [9]. Theorem 1 tells us that  for a given number of inspections n during a product ion 
run, there exists a unique opt imal inspection interval x(n). Furthermore, X(n) can be obtained by 
searching a certain interval which is a function of n. This fact can be seen from Theorem 2, and it 
can be seen that  this interval length for searching X(n) decreases with n. Therefore, we conclude 
that  we can derive x(n) over a rather small range when n is large. If the t ime which passes before 
process shift occurs has an exponential distribution, then we can obtain another lower bound 
solution based on Lee and Rosenblatt 's  [4] approximation result, as shown by Theorem 4. 
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THEOREM 6. Problem (1)-(3) can be solved by computing 
~eN ~eN --fi [ (saP + a)F(x(n)) + r:f(X(n))] + hnx(n)(P - D) . 
PROOF. From (4 ) ,  dTC(n,x(,,))IT . . . . . . .  0 implies that 
dx  
D TC(n,x(~))lT=n~ = -f [(saP + a)F(x(~)) + rf(X(n)) ] -k hnx(n)(P - D). (11) II 
Given n inspections in a production run, the optimal interval X(n ) can  only be obtained by 
using numerical methods. By Theorems 2 and 3, we can conclude that there is a distribution- 
free upper bound x~n ) for the optimal inspection interval when n inspections are performed 
during a production run. Thus, the interval [0, x~n)] can be searched to obtain x(~) by using 
any numerical procedure. So far, we have reduced the range for searching the optimal inspection 
interval where the number of inspections n in a production cycle is given. Thus, a numerical 
search procedure with sequential search on n = 1, 2, . . .  for obtaining the optimal production/PM 
policy, n* and X(n*) can be used and will perform better than the algorithm proposed by Tseng [6]. 
Note that if we let a = 0, we will derive the case considered by Tseng [6]; furthermore, if we 
let f(x) = #exp( -#x) ,  then we will derive the case considered by Lee and Rosenblatt [3]. In the 
following discussion, we will find an upper bound for the number of inspections n in a production 
run for the sequential search procedure. First, we will state and prove the following lemma. 
u LEMMA 2. I fM"(x)  > O, V0 < x < x(1), then 
n 
n + 1 x(n) < x(n+l) < x(n), (12) 
n = 1, 2 , . . . ,  where X~*l) = V/(2(K + u)D)/hP(P - D). 
PROOF. By Theorem 2 and Theorem 3, we have that x~l ) is a universal upper bound of all x(n), 
n = 1, 2 , . . . .  Therefore, the domain of inspection interval ength x can be restricted to [0, x~'l) ]. 
From Theorem 3, the right-hand side of equation (12) obviously holds. Now, we will show that 
(n/(n + 1))x(~) < x(n+l). Firstly, from (6), we let ~n(X) = M(nx) -nM(x) ,  n = 1 ,2 , . . . .  Then, 
we have ~ ' (x )  = n[M'(nx) - M'(x)]. Since M"(x) >_ O, it follows that q0"(x) > 0; furthermore, 
~(0)  = 0, so 
M(nx) >nM(x),  Vx>_0, n=1,2 , . . . .  (13) 
Secondly, suppose, on the contrary, that X(n) _> ((n + 1)/n)X(n+l), n = 1,2 , . . . .  From (6), it is 
easy to see that the first derivative of M(x) is positive, Vx > 0, and from (5) and (13), we have 
R,~(x(n)) = 0 and 
_ D 1 
D P (K + n~) = y nM (x(n)) + [ h(P - D)n2x~n) 
D 1 h (P -  D)(n + 1) X(n+l ) > -~nM x(n+l) +-~ 
Dn n + 1 M (x(~+l) + -~ h(P -  D)(n + 1) a:(~+l ) 
->--P-- n 
D (K + (~ + 1>). 
P 
This is a contraction. Therefore, we conclude that (n/(n + 1)) X(n) < X(n+l). 
As a direct consequence of Lemma 2, we have the following theorem. 
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THEOREM 7. Assume that M"(x) > O, 0 < Vx <_ X~l ) (or nx(n) > (n + 1)x(n+l), k/n E N); the 
optimal number of inspections n* during a production run is less than nl, where 
nl = rain {n E N :  nX(n)h(P - D) > l<i<nmin {TC (i,x(i))} }.  (14) 
PROOF. For m > nl + 1, by Theorem 6 and Lemma 2 (or nx(,~) > (n + 1)x(n+l), Vn E N), we 
have 
Therefore, 
TC (m,x(m)) >_ mX(m)h(P- D) 
> nlx(m)h(P - D) 
> min {TC(i ,x( i ) )}.  l<i<nl 
( 
{TC(i,x(~))} : min~ rain {TC(i ,x( i ) )},  rain {TC(i ,x(,))} 
• [ l~ i _<n l  n l+ l_~ i  J 
= min {TC(i,x(i))} l'(i~nl 
= TC 
where 1 < n* _< nl. I 
THEOREM 8. If there exists x(i), i E N, such that v > M(x(i)) > O, then the optimal number of 
inspections n* during a production run is bounded by n2, where 
n2= 2~- - -~)h  -K  (v -M(x( i ) ) )  > 2, (15) 
n2 E N, where Ix] denotes the ceiling function as the smallest integer not smaller than x, and 
TC (i*,x(i.)) = min {TC (j,x(j)) } . l(j~_i 
PROOF.  
~/x > 0 and 
{ ( D(g  nv) On M (x(n)) nx(n) = h(p 2 - D) i --fi- 
{ [_~.D_ ]}1/2 2 On (v -M(x( i ) ) )  
>- h (P -  D) +-P -  
By (11) and (16), we have 
TC(n, x(n)) >_ nx(,~)h(P - D) 
>_ h(P - D) { h (p2  D) --p-- 
[~  + Dn (y--M(x(i)))]}l/2 
Therefore, 
Furthermore, 
For fixed i and i <_ n, i ,n E N. From (5), (6), and Theorem 3, we can obtain M'(x) > 0, 
( (TC(n'x(n)))2P ) /  
~-(-P- -  D-~)h - K (v -  M (xg))) > n. 
n2 = 2D(P - D)h - K - 
>- 2D--(-P -- -D-~) h - K ( v - M ( x ( , ) ) ) . 
(16) 
(17) 
(is) 
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Hence, if n >_ n2, then 
TC (n,x(n)) >_ TC (i*,x(i.)) , 1 <_ i* < i < n. 
From (4), we have 
TC(i*,x(i*)) - -  
> 
D (K + i*v) D fx(~.) 
[(saP + a) (x(i.) - y) + r] f (y )dy  
Pi*x(i.) + Px(i*----~) [ao 
1 , 
+ -~ hi x(~.)(P - D) 
D(K  + u) 1 
Pi*x(i.) + 2 hi*x(~.)(P - D) 
. / (K  + u)Dh(P -  D) > 2 
- V 2P  ' 
(by the Geometric Inequality Formula). 
Furthermore, using (18), we have n2 > 1, n2 E N. | 
Note that M(x(~)) is strictly decreasing with i since x(0 is strictly decreasing with i and M(x) 
is strictly increasing with x, Vx > 0. If u > limx~oo M(x) = (saP + a)E[X] - r, then we 
have u > M(x(i)), Vi c N. 
Based on Theorems 7 and 8, we know that we can utilize the prior local optimal result to set 
an upper bound nl or n2 for the optimal number of inspections n* in a production run when the 
sequential search procedure is used. 
4. NUMERICAL  EXPERIMENTS 
The model described in the previous section includes a set of parameters. To illustrate the 
use of this sequential search procedure, we define their parameters as K = 150, P = 1000, 
D = 500, a = 0.2, s = 5, r = 10, a = 0.15, h = 0.4, and u = 4. We performed a numerical 
experiment on four different shift distributions with Weibull (#i, 0i), i = 1,2, 3, 4, that is, F(t) = 
1 -exp(- (p i t )°~),  Vt >_ O, where (#1,01) = (0.1,1), (#2,02) = (0.9,1), (#a,03) = (1.3,1), and 
(1*4,04) = (0.7, 1.5). The numerical results are summarized in Tables 1, 2, 3, and 4, respectively. 
In all the computations, the MATLAB 3.5 implementation method was used. For the purpose 
of illustration, we have produced several figures to show the behavior of the optimal expected 
average cost, optimal production run time, optimal inspection interval and optimal number of 
inspections during a production cycle. 
Figures 1-6 indicate that when the production process is subject o exponential deterioration, 
both the optimal ength of inspection interval and optimal number of inspections in a production 
cycle all decrease with Pi while the optimal expected average cost increases with #i. This is 
because a smaller value of pi is associated with larger process mean life time 1/#i in the expo- 
nential case. Also, we observe that Lee and Rosenblatt's [3] approximation result x LR gets close (n) 
to the "real" solution x(, 0 when #i is small. This result is obtained because the small value of #i 
creates a small error when MacLaurin approximation is used. Also, it is interesting to see that 
when the number of inspections n in a cycle is large, x)~ is a very close to the solution of x(n) 
with weak dependence on #i. 
Based on Table 4, we can see the effect if the process hift distribution with a constant failure 
rate of 0.7 is assumed whereas the "real" shift distribution possesses an increasing failure rate, 
04l~044t 04-1 = 1.5 X (0.7) 1"5 X t 0"5. We notice that the error results from exponential assumption 
is tolerable. Based on Table 4, when the given number of inspections n in a production cycle is 
large, x~ is very close to x(n). 
Based on Tables 1-4, it is noteworthy that both upper limits nl and n2 increase with t~i, and 
that 7tl is usually less than n2. 
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Figure 1. Optimal expected average cost as a function of the number of inspections 
per production cycle for #1 -- 0.1 and ~1 = 1. 
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Figure 2. Optimal inspection interval and production run time as a function of the 
number of inspections per production cycle for/~1 ----- 0.1 and 81 ---- 1. 
Figure Key. 
+ Optimal inspection interval for a given number of inspections n in a production cycle. 
* Optimal period of production time for a given number of inspections n in a production cycle. 
• Lee and Rosenblatt's [3] optimal inspection interval result for a given number of inspections n in a 
production cycle. 
Our  numer ica l  resu l ts  are cons is tent  w i th  and  i l lus t ra te  the  theoret i ca l  po in ts  we made in 
Sect ion  3. Fur ther ,  our  sequent ia l  search  procedure  was been found to  be  more  compet i t i ve  than  
that  p roposed  a lgor i thm by  [6]. For  example ,  based  on  Tab le  4, we have  an  upper  l im i t  n l  = 12 for 
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Figure 3. Optimal expected average cost as a function of the number of inspections 
per production cycle for it2 = 0.9 and 02 = 1. 
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Figure 4. Optimal inspection interval and production run time as a function of the 
number of inspections per production cycle for ~2 = 0.9 and 02 = 1. 
Figure Key. 
+ Optimal inspection interval for a given number of inspections n in a production cycle. 
* Optimal period of production time for a given number of inspections n in a production cycle. 
• Lee and Rosenblatt's [3] optimal inspection interval result for a given number of inspections n in a 
production cycle. 
te rminat ing  the  search  procedure  for the  opt ima l  p roduct ion /PM policy. In  Tseng 's  [6] p roposed  
a lgor i thm,  on  the  o ther  hand,  an  "exhaust ive"  search  for the  opt ima l  p roduct ion /PM pol icy  is 
poss ib le .  
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Figure 5. Optimal expected average cost as a function of the number of inspections 
per production cycle for #3 = 1.3 and 83 = 1. 
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Figure 6. Optimal inspection interval and production run time as a function of the 
number of inspections per production cycle for #3 = 1.3 and 83 -- 1. 
Figure Key. 
+ Optimal inspection interval for a given number of inspections n in a production cycle• 
• Optimal period of production time for a given number of inspections n in a production cycle. 
• Lee and Rosenblatt's [3] optimal inspection interval result for a given number of inspections n in a 
production cycle. 
5. CONCLUDING REMARKS 
In th is  paper ,  we have invest igated the  so lut ion s t ruc ture  for an EMQ mode l  w i th  a prevent ive  
maintenance  policy• The  formula  for the  expected  average cost  per  uni t  t ime has been  obta ined  
under  the  assumpt ion  of  genera l ly  d i s t r ibuted  fai lure t ime.  The  suff ic ient cond i t ion  of  equa l ly  
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Figure 7. Optimal expected average cost as a function of the number of inspections 
per production cycle for/z4 = 0.7 and 04 = 1.5. 
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Figure 8. Optimal inspection interval and production run time as a function of the 
number of inspections per production cycle for/z4 = 0.7 and 04 = 1.5. 
Figure Key. 
+ Optimal inspection interval for a given number of inspections n in a production cycle. 
* Optimal period of production time for a given number of inspections n in a production cycle. 
• Lee and P~osenblatt's [3] optimal inspection interval result for a given number of inspections n in a 
production cycle. 
spaced inspections has been explored in the case where the restoration cost is a linear function 
of the detect ion delay. Based on the condit ion of an equal inspection intervals, several properties 
useful for obtaining the optimal p roduct ion /PM policy have been proposed, and a efficient se- 
quential  search procedure has been found to perform better than the previous algorithm reported 
in the l iterature• 
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Table 1. Numerical results for a Weibull shift distribution with 01 = 
n 
1 0.78492340 
2 0.41901329 
3 0.28824010 
4 0.22096599 
5 0.17995072 
6 0.15231805 
7 0.13242907 
8 0.11742331 
9 0.10569498 
10 0.09627297 
11 0.08853548 
12 0.08206589 
13 0.07657456 
14 0.07185390 
15 0.06775122 
16 0.06415168 
17 0.06096729 
18 0.05812946 
19 0.05558395 
20 0.05328729 
21 0.05120424 
22 0.04930593 
23 0.04756848 
24 0.04597195 
25 0.04449960 
26 0.04313723 
27 0.04187274 
28 0.04069574 
29 0.03959729 
30 0.03856959 
31 0.03760589 
32 0.03670024 
33 0.03584744 
34 0.03504286 
35 0.03428244 
36 0.03356252 
37 0.03287989 
38 0.03223162 
39 0.03161511 
40 0.03102802 
41 0.03046821 
42 0.02993378 
43 0.02942298 
44 0.02893422 
45 0.02846606 
46 0.02801718 
47 0.02758636 
48 0.02717250 
49 0.02677459 
50 0.02639167 
LR X(~) X(,~) nx(,~) TC  (n, x(n)) 
0.78896485 
0.41965512 
0.28845062 
0.22106036 
0.18000170 
0.1523489O 
0.13244943 
0.11743746 
0.10570470 
0.09628038 
0.08854116 
0.08207047 
0.07657832 
0.07185715 
0.06775377 
0.06415380 
0.06096891 
0.05813084 
0.05558531 
0.05328848 
0.05120528 
0.04930700 
0.04756920 
0.04597259 
0.04450026 
0.04313793 
0.04187342 
0.04069629 
O.O3959785 
0.03856997 
0.03760615 
0.03670069 
0.03584778 
0.03504309 
0.03428276 
0.03356288 
0.03288019 
0.03223179 
0.03161529 
0.03102822 
0.03046832 
0.02993402 
0.02942322 
0.02893433 
0.02846623 
0.02801727 
0.02758656 
0.02717265 
0.02677475 
0.02639180 
0.7889648 
0.8393102 
0.8653518 
0.8842414 
0.9000085 
0.9140933 
0.9271460 
0.9394996 
0.9513422 
0.9628038 
0.9739527 
0.9848456 
0.9955182 
1.0060002 
1.0163066 
1.0264609 
1.0364716 
1.0463552 
1.0561209 
1.0657698 
1.0753110 
1.0847540 
1.0940918 
1.1033422 
1.1125066 
1.1215863 
1.1305825 
1.1394963 
1.1483378 
1.1570993 
1.1657907 
1.1744222 
1.1829770 
1.1914651 
1.1998967 
1.2082637 
1.2165672 
1.2248080 
1.2329964 
1.2411288 
1.2492012 
1.2572290 
1.2651985 
1.2731105 
1.2809805 
1.2887946 
1.2965683 
1.3042876 
1.3119631 
1.3195905 
1 and #1 = 0.1. 
n l  n2 
196.19186 12 infinity 
188.89329 9 infinity 
187.77508 8 infinity 
188.27126 8 infinity 
189.41376 8 16438 
190.87184 8 48 
192.50197 8 28 
194.23202 8 21 
196.02193 8 18 
197.84780 8 16 
199.69456 8 15 
201.55235 8 14 
203.41448 8 13 
205.27630 8 12 
207.13453 8 12 
208.98682 8 12 
210.83148 8 l l  
212.66727 8 11 
214.49330 8 11 
216.30893 8 11 
218.11370 8 11 
219.90730 8 10 
221.68953 8 10 
223.46027 8 10 
225.21946 8 l0 
226.96710 8 10 
228.70321 8 10 
230.42787 8 10 
232.14116 8 10 
233.84318 8 10 
235.53405 8 10 
237.21391 8 9 
238.88289 8 9 
240.54112 8 9 
242.18877 8 9 
243.82598 8 9 
245.45289 8 9 
247.06967 8 9 
248.67647 8 9 
250.27344 8 9 
251.86072 8 9 
253.43848 8 9 
255.00684 8 9 
256.56597 8 9 
258.11601 8 9 
259.65709 8 9 
261.18935 8 9 
262.71294 8 9 
264.22798 8 9 
265.73460 8 9 
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Table 2. Numerical  results for a Weibull  shift distr ibution with 92 = 
n 
1 0.48824547 
2 0.30557926 
3 0.22720998 
4 0.18249963 
5 O.15333902 
6 0.13273388 
7 0.11736621 
8 0.10544744 
9 0.09592430 
10 0.08813471 
11 0.08164097 
12 0.07614180 
13 0.07142295 
14 0.06732776 
15 0.06373900 
16 0.06056720 
17 0.05774284 
18 0.05521109 
19 0.05292812 
20 0.05085847 
21 0.04897313 
22 0.04724813 
23 0.04566352 
24 0.04420252 
25 0.04285095 
26 0.04159671 
27 0.04042945 
28 0.03934023 
29 0.03832129 
30 0.03736590 
31 0.03646814 
32 0.03562282 
33 0.03482536 
34 0.03407170 
35 0.03335822 
36 0.0~268171 
37 0.03203927 
38 0.03142832 
39 0.03084652 
40 0.03029178 
41 0.02976218 
42 0.02925600 
43 0.02877166 
44 0.02830773 
45 0.02786290 
46 0.02743596 
47 0.02702583 
48 0.02663149 
49 0.02625200 
50 0.02588651 
x Ln TC(n ,x (n ) )  (n) x(n) nx(n) 
0.54191457 
0.32054855 
0.23377075 
0.18602531 
0.15547712 
0.13413966 
0.11834634 
0.10616114 
0.09646201 
0.08855192 
0.08197180 
0.07641000 
0.07164344 
0.06751168 
0.06389438 
0.06069961 
0.05785728 
O.O5531037 
0.05301524 
0.05093545 
0.04904117 
0.04730917 
0.04571815 
0.04425175 
0.04289561 
0.04163727 
0.04046643 
0.03937398 
0.03835239 
0.03739453 
0.03649451 
0.03564744 
0.03484823 
0.03409291 
0.03337797 
0.03270030 
0.03205663 
0.03144452 
0.03086178 
0.03030621 
0.02977583 
0.02926884 
0.02878385 
0.02831923 
0.02787376 
0.02744628 
0.02703567 
0.02664087 
0.02626092 
0.02589504 
0.5419145 
0.6410971 
0.7013122 
0.7441012 
0.7773855 
0.8048379 
0.8284243 
0.8492891 
0.8681581 
0.8855192 
O.9016898 
O.91692O0 
0.9313647 
0.9451635 
0.9584157 
O.9711938 
0.9835738 
0.9955868 
1.0072897 
1.0187091 
1.0298647 
1.0408019 
1.0515175 
1.0620421 
1.0723904 
1.0825691 
1.0925937 
1.1024716 
1.1122194 
1.1218361 
1.1313299 
1.1407182 
1.1499917 
1.1591590 
1.1682291 
1.1772110 
1.1860955 
1.1948919 
1.2036095 
1.2122486 
1.2208092 
1.2292916 
1.2377055 
1.2460464 
1.2543192 
1.2625293 
1.2706768 
1.2787621 
1.2867855 
1.2947522 
304.16440 
256.91530 
238.79027 
229.71791 
224.68995 
221.82607 
220.25497 
219.51588 
219.34178 
219.56714 
220.08383 
220.81827 
221.71867 
222.74755 
223.87713 
225.08644 
226.35935 
227.68327 
229.04824 
230.44633 
231.87109 
233.31731 
234.78068 
236.25764 
237.74524 
239.24101 
240.74285 
242.24902 
243.75802 
245.26858 
246.77963 
248.29023 
249.79960 
251.30705 
252.81200 
254.31395 
255.81246 
257.30717 
258.79776 
260.28394 
261.76550 
263.24222 
264.71394 
266.18051 
267.64182 
269.09776 
270.54826 
271.99323 
273.43264 
274.86644 
1 and #2 = 0.9. 
n l  n2 
50 infinity 
49 infinity 
38 infinity 
33 infinity 
31 infinity 
29 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 i.nfinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
28 infinity 
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Table 3. Numerical  results for a Weibull shift distr ibution with 03 = 1 and P3 = 1.3. 
n 
1 0.427755143 
2 0.275393175 
3 0.208544011 
4 0.169665886 
5 0.143912834 
6 0.125486143 
7 0.111601659 
8 0.100741187 
9 0.092001251 
10 0.084808497 
11 0.078780625 
12 0.073652507 
13 0.069234270 
14 0.065386245 
15 0.062003337 
16 0.059004908 
17 0.056328031 
18 0.053922864 
19 0.051749407 
20 0.049775180 
21 0.047973532 
22 0.046322384 
23 0.044803285 
24 0.043400700 
25 0.042101447 
26 0.040894275 
27 0.039769514 
28 0.038718811 
29 0.037734912 
30 0.036811486 
31 0.035942981 
32 0.035124510 
33 0.034351752 
34 0.033620875 
35 0.032928464 
36 0.032271471 
37 0.031647161 
38 0.031053078 
39 0.030487008 
40 0.029946949 
41 0.029431087 
42 0.028937775 
43 0.028465513 
44 0.028012932 
45 0.027578782 
46 0.027161917 
47 0.026761283 
48 0.026375914 
49 0.026004918 
50 0.025647473 
x LR TC(n,  X(n)) (n) x(n) nX(n) 
0.497635398 
0.296553434 
0.218389895 
0.175196102 
0.147381047 
0.127827575 
0.113268972 
0.101976311 
0.092946753 
0.085550667 
0.079376032 
0.074138983 
0.069637520 
0.065725263 
0.062291212 
0.059252438 
0.056542539 
0.054110027 
0.051914400 
0.049920937 
0.048103542 
0.046438701 
0.044908109 
0.043495515 
0.042187631 
0.040972588 
0.039841245 
0.038784561 
0.037795498 
0.036867390 
0.035994722 
0.035172681 
0.034396361 
0.033662501 
0.032967445 
0.032307945 
0.031681353 
0.031085307 
0.030517209 
0.029975428 
0.029458036 
0.028963289 
0.028489604 
0.028035764 
0.027600446 
0.027182551 
0.026780863 
0.026394577 
0.026022753 
0.025664426 
0.4976353 
0.5931068 
0.6551696 
0.7007844 
0.7369051 
0.7669654 
0.7928828 
0.8158104 
0.8365207 
0.8555066 
0.8731363 
0.8896678 
0.9052877 
0.9201536 
0.9343681 
0.9480390 
0.9612231 
0.9739804 
0.9863735 
0.9984187 
1.0101744 
1.0216514 
1.0328865 
1.0438923 
1.0546908 
1.0652873 
1.0757136 
1.0859677 
1.0960695 
1.1060217 
1.1158364 
1.1255258 
1.1350799 
1.1445250 
1.1538606 
1.1630860 
1.1722100 
1.1812417 
1.1901712 
1.1990171 
1.2077795 
1.2164581 
1.2250530 
1.2335736 
1.2420201 
1.2503973 
1.2587006 
1.2669397 
1.2751149 
1.2832213 
n l  n2 
341.13968 50 infinity 
283.01579 50 infinity 
259.52824 50 infinity 
247.18939 45 infinity 
239.94064 41 infinity 
235.46041 38 infinity 
232.65640 37 infinity 
230.94393 35 infinity 
229.98075 35 infinity 
229.55283 35 infinity 
229,51932 35 infinity 
229,78372 35 infinity 
230.27769 35 infinity 
230,95147 35 infinity 
231.76803 35 infinity 
232.69921 35 infinity 
233.72327 35 infinity 
234.82316 35 infinity 
235.98534 35 infinity 
237.19892 35 infinity 
238.45506 35 infinity 
239.74652 35 infinity 
241.06734 35 infinity 
242.41253 35 infinity 
243.77794 35 infinity 
245.16006 35 infinity 
246.55593 35 infinity 
247.96300 35 infinity 
249.37913 35 infinity 
250.80247 35 infinity 
252.23142 35 infinity 
253.66461 35 infinity 
255.10083 35 infinity 
256.53906 35 infinity 
257.97840 35 infinity 
259.41806 35 infinity 
260.85735 35 infinity 
262.29567 35 infinity 
263.73250 35 infinity 
265.16738 35 infinity 
266.59991 35 infinity 
268.02973 35 infinity 
269.45652 35 infinity 
270.88003 35 infinity 
272.30002 35 infinity 
273.71627 35 infinity 
275.12860 35 infinity 
276.53685 35 infinity 
277.94090 35 infinity 
279.34062 35 infinity 
Product ion/PM Policy 
Table 4. Numerical results for a Weibull shift distribution with 04 -- 1.5 and/~4 = 0.7. 
n 
1 0.53030735 
2 0.32507096 
3 0.23871724 
4 0.19016400 
5 0.15883952 
6 0.13688923 
7 0.12062565 
8 0.10807881 
9 0.09809757 
10 0.08996312 
11 0.08320294 
12 0.07749345 
13 0.07260550 
14 0.06837221 
15 0.06466913 
16 0.06140156 
17 0.05849611 
18 0.05589507 
19 0.05355239 
20 0.05143088 
21 0.04950020 
22 0.04773533 
23 0.04611544 
24 0.04462306 
25 0.04324346 
26 0.04196406 
27 0.04077412 
28 0.03966437 
29 0.03862681 
30 0.03765445 
31 0.03674119 
32 0.03588167 
33 0.03507115 
34 0.03430546 
35 0.03358088 
36 0.03289409 
37 0.03224212 
38 0.03162231 
39 0.03103226 
40 0.03046982 
41 0.02993303 
42 0.02942011 
43 0.02892946 
44 0.02845960 
45 0.02800919 
46 0.02757700 
47 0.02716192 
48 0.02676290 
49 0.02637899 
50 0.02600932 
x~nl~ x(n) nx(n ) TC (n, x(n)) 
0.59709284 
0.36307656 
0.26369019 
0.20786096 
0.17205615 
0.14715524 
0.12884449 
0.11481921 
0.10373452 
0.09475372 
0.08733002 
0.08109058 
0.07577206 
0.07118407 
0.06718515 
0.06366796 
0.O6O54956 
0.05776600 
0.05526517 
0.05300581 
0.05095417 
0.04908228 
0.04736742 
0.04579067 
0.04433512 
0.04298747 
0.04173574 
0.04057030 
0.03948165 
0.03846301 
0.03750734 
0.03660877 
0.03576240 
0.03496339 
0.03420821 
0.03349299 
0.03281475 
0.03217035 
0.03155746 
0.03097360 
0.03041679 
0.02988523 
0.02937684 
0.02889049 
0.02842452 
0.02797762 
0.02754878 
0.02713671 
0.02674035 
0.02635900 
0.5970928 
0.7261531 
0.7910705 
0.8314438 
0.8602807 
0.8829314 
0.9019114 
O.9185536 
0.9336106 
0.9475372 
0.9606303 
0.9730869 
0.9850368 
0.9965769 
1.0077774 
1.0186874 
1.0293426 
1.0397881 
1.0500383 
1.0601163 
1.0700377 
1.0798104 
1.0894508 
1.0989761 
1.1083781 
1.1176742 
1.1268650 
1.1359685 
1.1449679 
1.1538903 
1.1627277 
1.1714808 
1.1801595 
1.1887554 
1.1972876 
1.2057477 
1.2141459 
1.2224736 
1.2307410 
1.2389442 
1.2470886 
1.2551798 
1.2632043 
1.2711819 
1.2791038 
1.2869706 
1.2947929 
1.3025622 
1.3102772 
1.3179504 
nl n2 
240.41977 36 infinity 
207.69772 18 infinity 
198.42249 14 infinity 
195.18121 13 infinity 
194.27516 12 infinity 
194.47869 12 infinity 
195.27981 12 infinity 
196.43071 12 infinity 
197.79846 12 infinity 
199.30607 12 infinity 
200.90631 12 infinity 
202.56878 12 infinity 
204.27320 12 1304 
206.00560 12 123 
207.75615 12 70 
209.51775 12 51 
211.28519 12 41 
213.05461 12 35 
214.82311 12 31 
216.58850 12 28 
218.34908 12 26 
220.10359 12 25 
221.85102 12 23 
223.59063 12 22 
225.32183 12 21 
227.04420 12 21 
228.75741 12 20 
230.46122 12 19 
232.15547 12 19 
233.84005 12 19 
235.51489 12 18 
237.17997 12 18 
238.83529 12 18 
240.48087 12 17 
242.11677 12 17 
243.74303 12 17 
245.35974 12 17 
246.96699 12 16 
248.56485 12 16 
250.15343 12 16 
251.73284 12 16 
253.30317 12 16 
254.86455 12 16 
256.41707 12 15 
257.96086 12 15 
259.49603 12 15 
261.02269 12 15 
262.54095 12 15 
264.05093 12 15 
265.55274 12 15 
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